Three genes, namely, ELAC2 (HPC2 locus) on chromosome 17p11, 2′-5′-oligoisoadenlyate-synthetasedependent ribonuclease L (RNASEL, HPC1 locus), and macrophage scavenger receptor 1 (MSR1) within a region of linkage on chromosome 8p, have been identified as hereditary tumor suppressor genes in prostate cancer. We genotyped 41 tagged single nucleotide polymorphisms (SNPs) covering the three genes in a case-control cohort, which included 1,436 Caucasians, 648 Hispanics, and 270 African Americans. SNPs within MSR1, ELAC2, and RNASEL were significantly associated with risk of prostate cancer albeit with differences among the three ethnic groups (P = 0.043-1.0 × 10
Introduction
Prostate cancer is the most common non-skin cancer and the second leading cause of cancer death in men in the United States (1) . The underlying etiology of prostate cancer remains poorly understood, with both genetic predisposition and environmental factors likely to play a role. Substantial evidence for a genetic component in the susceptibility to prostate cancer has been provided from a study on a large cohort of twins, for which the proportion of prostate cancer risk accounted for by inheritable factors was estimated to be 42% (2) . Moreover, a recent study showed that both good and poor survival in prostate cancer aggregate in families, providing evidence on heritability in the prognosis of prostate cancer (3) . Despite this strong evidence for a genetic component in prostate cancer, little progress has been made to identify a major gene or genes (4) .
The majority of prostate cancer cases most likely involve more common, low-to moderate-penetrance alleles in genes that are components of pathways that influence prostate function, rather than mutations in high-penetrance susceptibility genes (5, 6) . There is increased impetus for better understanding of the molecular processes involved in prostate carcinogenesis with the ultimate goal of discovering new biomarkers, which may be beneficial in the detection, prevention, and/or treatment of this disease.
As with breast and colon cancer, familial clustering of prostate cancer has been reported frequently (7) (8) (9) (10) . Familial prostate cancer represents families in which there are two first-degree or one first-degree and two or more second-degree relatives with prostate cancer. Familial prostate cancer is estimated to account for 10% to 20% of all cases of prostate cancer (5, 6) . To date, several genome linkage analyses for prostate cancer predisposition loci have been reported (5, 6, 11) , and three strong candidate genes that are involved in pathways critical to DNA damage response (ELAC2), apoptosis [2′-5′-oligoisoadenlyate-synthetase-dependent RNase L (RNASEL)], and innate immunity [macrophage scavenger receptor 1 (MSR1) and (RNASEL)] were identified in linkage-critical regions (12) .
The ELAC2 gene (hereditary prostate cancer 2 locus, HPC2) at 17p11 encodes a tRNA 3′ processing endoribonuclease and was the first putative tumor suppressor gene identified for prostate cancer based on linkage analysis (13) . An association between prostate cancer and two common missense variants, a serine to leucine change at amino acid 217 (Ser217Leu) and an alanine to threonine change at amino acid 541 (Ala541Thr), neither of which has been shown to alter the enzymatic activities of ELAC2 (14) , has been reported in cases from families with hereditary prostate cancer (13) . A metaanalysis by Camp and Tavtigian (2002) and a study by Noonan-Wheeler et al. (2006) and Stanford et al. (2003) of both variants suggested that the Thr541 allele, either alone or in combination with the Leu217 allele, confers risk for prostate cancer, in particular within sporadic cancer cases (15) (16) (17) . However, subsequent studies could not unambiguously confirm a possible role of ELAC2 in the susceptibility to both sporadic and hereditary prostate cancer (6, 18) .
The RNASEL gene, within the hereditary prostate cancer 1 (HPC1) locus on 1q25, mediates antiviral and proapoptotic activities of the INF-inducible 2-5A system, and is likely to host responses to infections, which may play a role in susceptibility to prostate cancer (19) . Previous studies have indicated that the nonsense mutation Glu265X and the initiation codon mutation Met1Ile in the RNASEL gene segregate in prostate cancer families that were linked to the HPC1 locus (20) . A truncating mutation (E265X) and an initiation-codon mutation (M1I) segregating with the disease were found in two HPC1-linked families. Functional studies showed that both mutations were associated with a reduction in RNASEL activity (20) . The two most commonly studied variants within RNASEL are the nonsynonymous variants Arg462Gln and Asp541Glu, with the first showing a reduction in enzymatic activity (21) . Both variants have been found to be significantly associated with prostate cancer risk albeit with between-study variability in outcome (21) (22) (23) . On the other hand, several reports show a lack of association for both single nucleotide polymorphisms (SNPs) and prostate cancer, and thus the question remains as to the role of this gene in prostate cancer susceptibility.
Macrophage scavenger receptors (MSR) are trimeric membrane glycoproteins that mediate the binding, internalization, and processing of a wide range of negatively charged macromolecules, including a variety of bacteria (24) . The macrophage scavenger receptor 1 (MSR1) gene, located at 8p22, has been reported as a strong candidate for prostate cancer susceptibility. Besides the positive linkage findings in hereditary prostate cancer (25) , the p22 band of chromosome 8 is also found to be frequently deleted in prostate tumors (26) (27) (28) (29) . Mutations in MSR1 have been shown to be associated with prostate cancer risk in both hereditary and sporadic cases in European and African American men (30) . Association studies of variants within MSR1 with prostate cancer risk show both positive and negative results (31) .
In summary, numerous studies provide strong support, both functional and epidemiologic, that ELAC2, MSR1, and/or RNASEL confer risk for prostate cancer, yet other studies have suggested that their role may be small. Understanding the role of these three putative prostate cancer susceptibility genes needs more thorough evaluation and replication. In most studies only a small proportion of the estimated number of genetic variants was analyzed, and the contributions of variants in regulatory, noncoding regions of genes, rather than in exons, were often omitted. Moreover, except for our previous study on the association of two SNPs within RNASEL (23), Hispanics have not been extensively analyzed, and no association results for ELAC2 or MSR1 in Hispanics are currently available. We therefore carried out an association analysis with haplotype-tagged SNPs covering the whole genes in a sample consisting of three ethnic/ racial groups. We determined the effects of single SNPs and also considered possible interactions. This is the first study to explore these three genes extensively.
Materials and Methods

Subjects
Study subjects included men in the San Antonio Center for Biomarkers of Risk of Prostate Cancer (SABOR) cohort. SABOR is funded by the National Cancer Institute and has been prospectively enrolling healthy male volunteers from 2001. On each annual visit, a digital rectal examination was done and serum prostate specific antigen level was determined. From this cohort, 226 incident cases (131 non-Hispanic Caucasians, referred to as Caucasians in the text; 59 Hispanic Caucasians, referred to as Hispanics; and 36 African Americans) were available. We also included 646 cases with a known history of prostate cancer that are enrolled within the same time period in a parallel study of prevalent prostate cancer using the same recruiting strategies. Institutional Review Board approval was obtained, as was informed consent from subjects in both studies. Cases had biopsy-confirmed prostate cancer and controls consisted of male volunteers ≥45 y old who had normal digital rectal examinations and prostate specific antigen levels <2.5 ng/mL on all study visits. Race/ethnicity was self-reported on a questionnaire completed at the time of enrollment. A total of 1,436 Caucasians (596 cases, 840 controls), 648 Hispanics (194 cases, 454 controls), and 270 African Americans (82 cases, 188 controls) were included in this analysis. The clinical characteristics of subjects are summarized in Table 1 . Study age among controls was the age at last follow-up, and age among cases was the age at prostate cancer diagnosis; controls were younger than prostate cancer cases, with mean age (SD) of 61.3 (9.2) y and 65.5 (8.5) y, respectively (P < 0.0001). Because of this difference and the fact that prostate cancer risk increases with age, all the odds ratios (OR) were adjusted for age. First-degree relatives include father, full brother(s) and child, and for second-degree relative we considered both maternal and paternal grandfathers and uncles.
SNP Selection and Genotyping
DNA was isolated from whole blood cells using a QIAamp DNA Blood Maxi Kit (Qiagen). Forty-one SNPs spanning the three genes were selected using Haploview. We first selected SNPs from available databases, National Center for Biotechnology Information 5 and SNPper, 6 using the following criteria: (a) within each gene, SNPs with a minor allele frequency (MAF) >0.05 that leads to an amino acid substitution and/or are in other coding regions of the gene and thus potentially functionally important were selected, and (b) SNPs for which an association with prostate cancer has previously been shown as reported in the literature were chosen. After this initial selection, we identified tagging SNPs within each gene using Haploview with the following criteria: (a) a MAF >0.05 to gain more statistical power; (b) an r 2 threshold of 0.8 and a log of odds threshold for multimarker testing of 3.0; (c) a minimum distance between tags of 60 basepairs; (d) we included our preselected SNPs (see above), (e) for each gene the search for SNPs extended to a 10 kilobase region surrounding the gene, and (f) we used the 2-and 3-marker haplotype tagging option. 7 The selection was based on the information on the European population as provided by HapMap. 8 The SNPs are described in Table 2 . Genotyping of 39 SNPs was done with the Goldengate assay of the VeraCode technology using the BeadXpress Reader System according to the manufacturer's protocol (Illumina). Two SNPs within RNASEL (rs627928/Asp541Glu and rs486907/Arg462Gln) were genotyped as previously described (23) . To ensure reliability of the results, duplicate samples were included in the analysis as quality controls.
Statistics
Haploview version 4 beta 15 was used to check for Hardy-Weinberg equilibrium for each SNP and to measure linkage disequilibrium (LD) between the SNPs in the controls and cases of each race/ethnicity (32). 9 The allele frequency for each SNP was determined in each ethnic group, and the frequencies among the casecontrol groups were compared using the χ 2 test. Association analyses were stratified by ethnicity and done using R statistical software version 2.9.1. The OR and its 95% confidence interval (95% CI) were estimated by unconditional logistic regression as a measure of the associations between genotypes and prostate cancer risk. We tested for additive, dominant, and recessive associations. The model with the strongest association was chosen for presentation (i.e., model with smallest P value with ≥5 individuals). To correct for multiple testing, we used the method of Storey and Tibshirani (2003) based on the concept of false discovery rate (33) . This estimation of the false discovery rate showed that for P < 0.05, the probability that the association is expected to be a true positive in our sample group is >70% (i.e., the false discovery rate is <30%). To estimate the independent effect of a significant SNP while adjusting for other SNPs, we used a generalized linear model function from the R statistical package so that all SNPs are entered into a single multivariable logistic regression model. SNPs in this model were taken to have additive effects.
Relative risk (RR) ratios for family history, including first-(father and full brother) and second-degree (grandfather and uncle) relatives affected with cancer, were The cumulative effect of combined genotypes on prostate cancer risk was estimated by counting the number of genotypes associated with prostate cancer, on the basis of the best-fitting genetic inheritance from single-SNP analysis. ORs and their 95% CIs were calculated for men carrying any combination of one, two, or more alleles associated with prostate cancer as compared with men carrying none of the risk genotypes using unconditional logistic regression analysis. We also fit models that estimated the cumulative effect of family history on prostate cancer risk in addition to the risk alleles determined above in an unconditional logistic regression. We selected SNPs that were not in LD with each other (D′ < 0.8). If several SNPs presented higher LD values, we choose a SNP in a coding region above an intronic SNP, and also selected the most significant SNP.
Logistic regression was used to calculate the ORs of the haplotypes, using the method implemented in the haplo. ccs package (34) where the OR of each major haplotype was computed relative to a reference group consisting of all other haplotypes, including rare haplotypes. Only major haplotypes (estimated frequency >5%) are considered in this report. Three genetic models (additive, dominant, and recessive) were tested. For all statistical analyses, age was used as covariate. Individuals with missing data for a particular analysis were removed from the analysis. Because of the small sample sizes for prostate cancer men with first-or second-degree relatives, we restricted the analysis in this report to the family history data, which include both subgroups. All statistical tests were two-sided and significance was set at P < 0.05.
Results
All SNPs were in Hardy-Weiberg equilibrium (P > 0.01) in the controls of each ethnic/racial group, except for SNP rs614794, which showed a deviation from Hardy-Weiberg equilibrium in African American controls. This SNP was omitted for further statistical analysis in this study group. Table 2 shows the MAF of the SNPs estimated in all three ethnicities. Significant case/control differences of allele frequencies at a level <0.05 were observed for three and five polymorphisms in Caucasians and African Americans, respectively.
Five SNPs (three in MSR1 and two in ELAC2) were significantly associated with prostate cancer risk in Caucasians (P values 0.043-0.0001). The strongest association, considering both the level of significance and the magnitude of OR, was seen for rs12718376 in MSR1 and rs11545302 in ELAC2 (OR, 0.32; 95% CI, 0.12-0.90; P = 0.031, and OR, 2.19; 95% CI, 1.25-3.82; P = 0.006, respectively; Table 3 ). SNP rs12718376 is located within the 3′ untranslated region of MSR1 and the two SNPs in ELAC2, rs17552022 and rs11545302, are located within exonic regions of the gene but do not result in amino acid changes. In Hispanics three SNPs within RNASEL and one SNP within MSR1 were found to be significantly associated with prostate cancer risk (P values 0.03-0.003). In addition to the two previously reported nonsynonymous SNPs, rs627928 (Asp541Glu) and rs486907 (Arg462Gln; ref. 23 ), rs682585 was also found to be significant in this ethnic group. In African Americans, rs4333601 and rs351572, both located within MSR1, showed a significant association with prostate cancer (P values 0.039-0.024). Significance for SNP rs351572 (MSR1) was found in both Caucasians and African Americans. All SNPs that were significantly associated with prostate cancer remained significant after adjusting for multiple comparisons. After conditioning on other significant SNPs not in LD with each other, rs11545302 (ELAC2) showed a main effect independent of other significant SNPs in Caucasians (P = 2.03 × 10
), whereas no significant independent associations were found for Hispanics or African Americans.
Of the 226 incident cases, 95 (42%) had a positive family history. A positive family history of prostate cancer, including both first-and second-degree relatives, showed a significant increase in relative risk (RR, 1.79; 95% CI, 1.40-2.27; P < 0.0001). For a man suffering from prostate cancer with a first-degree relative affected with prostate cancer the RR is 1.84 (95% CI, 1.41-2.37; P < 0.0001), which is slightly higher compared with the risk of having a second-degree relative affected with prostate cancer (RR, 1.71; 95% CI, 1.20-2.38; P = 0.005). When more than one first-degree relative is affected with prostate cancer, the risk increases 2-fold (RR, 1.99; 95% CI, 1.13-3.40; P = 0.03). We have to mention that these results are based on a small number of samples within the cohort and thus need to be interpreted with caution (Table 1) . Logistic regression including both age and family history as covariates, however, did not change the risk estimates for cancer as compared with an age-only adjusted analysis. Adding family history as interaction term in the logistic regression showed that several SNPs within RNASEL had a significant interaction effect in Hispanics (Table 4) . A stratified analysis by family history further indicated that significant associations were only found in the group with family history, which corroborates the findings of the interaction model. In addition, an increase in effect size was observed for all SNPs except rs627928. No major effects with family history were found in the Caucasians or African Americans.
Age-adjusted multivariate logistic regression of combinations of risk alleles for SNPs not in LD with each other compared with no risk alleles as reference, showed a cumulative effect for SNPs rs351572 and rs11545302 in Caucasians (OR, 2.31; 95% CI, 1.64-3.26; P trend = 1.73 × 10
−6
). In Hispanics, the combination of three risk alleles for SNPs rs486907, rs682585, and rs12114368 showed a significant association with prostate cancer (P trend = 0.015) and a 3.31-fold increase in risk (95% CI, 1.26-8.71; Table 5 ). No cumulative effect of both significant SNPs in African Americans was observed. For the analysis, we selected significant SNPs not in LD with each other and chose the most significant and/or functional SNP. Of note, however, is that for Caucasians, the three-SNP combination, including ; data not shown). After adding the presence of family history and checking for risk estimates of prostate cancer in men carrying a combination of multiple risk alleles and also having a family history, the OR slightly increased in Caucasians (from 2.31 to 2.47) and slightly decreased in Hispanics (from 3.31 to 3.15; Table 5 ).
Haplotype analysis of SNPs not in LD within each of the three genes showed a major haplotype (39%) G-A-C-G-C-G for the SNPs rs918-rs1904577-rs2127565-rs12718376-rs3747531-rs351572 within MSR1 that significantly increased the risk for prostate cancer in Caucasians under the dominant model (OR, 1.58; 95% CI, 1.23-2.04; P = 4.02 × 10 −4
; Table 5 ). In African Americans, the major haplotype C-G-G-C-G (6%) for SNPs rs2072262-rs2523-rs11545302-rs8077923-rs7218504 within ELAC2 is significantly associated with disease risk with an OR of 3.65 (95% CI, 1.38-9.68; P = 0.009) under the additive model (Table 6 ).
Discussion
Substantial evidence exists indicating that the etiology of prostate cancer involves the interplay among genetic, environmental, and dietary factors. Whereas several of the risk factors are merely the result of individual choices and thus modifiable (e.g., diet, exposure to UV radiation, tobacco use), some major risk factors for prostate cancer are determined and unchangeable, including age, ethnicity, and family history. Finding which and to what extent such factors confer increased risk of prostate cancer has been a burden and major challenge for researchers over the last several years.
We studied three candidate susceptibility genes, ELAC2 on chromosome 17p11/HPC2 region, RNASEL within the HPC1 region, and MSR1 within a region of linkage on chromosome 8p, that have been previously suggested to play a role in hereditary prostate cancer. Forty-one tagged SNPs covering each of the three genes were genotyped in a case-control cohort consisting of 1,436 Caucasians (596 cases, 840 controls), 648 Hispanics (194 cases, 454 controls), and 270 African Americans (82 cases, 188 controls). Single-SNP analysis showed that SNPs within MSR1 were significantly associated in all three ethnicities (P = 0.04-0.004), with rs351572 being in common between Caucasians and African Americans. None of the significant SNPs within MSR1 found in this study have been reported previously. Of interest is that SNP rs433601, significant in African Americans and located in the 3′untranslated region of the gene, has an allele-specific alteration of an exon splicer enhancer binding site according to PupaSuite. Moreover, a major G-A-C-G-C-G haplotype for the SNP combination rs918-rs1904577-rs2127565-rs12718376-rs3747531-rs351572 showed a significant increase in prostate cancer risk in Caucasians. The nonsynonymous SNP rs3747531, included in this haplotype, results in an alanine to proline change, which, according to Polyphen, has a damaging effect. 10 However, no evidence has been shown for possible phenotypic effects of the allelic variation for this SNP. The majority of previous studies did not find associations of variants within MSR1 and prostate cancer (35-37), although Hsing et al. (2007) reported on significant associations between MSR1 variants and prostate cancer in Chinese (38) . The lack of positive association findings for MSR1 variants could be explained by the fact that only a few SNPs were investigated per study, in particular coding SNPs, underestimating the importance of noncoding intronic SNPs. Alternatively, (geographic) differences in population structures, and/or insufficient power to detect single SNP associations for some studies due to small sample sizes could explain between-study differences in association results. This study shows that, in addition to coding SNPs, noncoding intronic SNPs within MSR1 play a role in determining susceptibility to prostate cancer and are part of high-risk haplotypes. Moreover, a potential role of MSR1 in the susceptibility to prostate cancer is suggested in the three ethnicities studied, albeit with subgroup differences in significance of SNPs likely due to population-specific allele frequencies and LD structure. Studies in animals have shown that mutations in MSR1 increase the likelihood of bacterial infections. Therefore, our findings support a previous hypothesis that infection and prostate cancer could be linked (39) . This study also found two synonymous SNPS (rs11545302/Thr520Thr in exon 17 and rs17552022/ Thr631Thr in exon 20) within ELAC2 that showed significant risk effects on prostate cancer in Caucasians. SNP rs11545302 further showed an independent effect from other significant SNPs in this group (P = 0.0001). Although two recent genome-wide association studies have found several regions to be implicated in prostate cancer risk in Europeans, no significance was found for rs11545302 (40, 41) . Both studies used the HumanHap300 and HumanHap240 panels from Illumina for the analysis which does not contain rs11545302. Nonetheless, previous studies report negative findings for association of single SNPs within ELAC2 in Caucasians, which is in contrast with our findings (18, 42) . On the other hand, positive associations were also found in Japanese men (43, 44) and African Americans (45) , with the latter consistent with our results. Although not significant for the single-SNP analysis, a major C-G-G-C-G haplotype for SNPs rs2072262-rs2523-rs11545302-rs8077923-rs7218504 showed a significant increase in risk for prostate cancer in African Americans. This risk haplotype contains a SNP (rs2523) that is located within a microRNA binding site (miR-648) at the 3′ untranslated region of the ELAC2 gene (information retrieved from PupaSuite). Currently there are no reports that describe possible functions of this microRNA. Moreover, the function of ELAC2 is unknown but the gene is believed to play a role in cell cycle progression. Consequently, it remains to be determined to what extent variants within ELAC2 confer increased risk of prostate cancer.
Three SNPs within RNASEL showed a significant association with prostate cancer risk in Hispanics. These findings conform with our previous results showing a significant increase in prostate cancer risk for two nonsynonymous SNPs, rs627928 (Asp541Glu) and rs486907 (Arg462Gln; ref. 23 ). The allelic variant at position 462 (Arg462Gln), which reduces RNASEL enzymatic activity 3-fold, is associated with an increase in risk of prostate cancer as found in Hispanics in this study and other previous studies (23, 39) . Our findings further showed a significant association between rs682585, located just upstream of RNASEL, and prostate cancer risk in Hispanics. An association between prostate Table 6 . Association of common haplotypes with prostate cancer risk in Caucasian and African American men Combining the two high-risk genotypes of MSR1 and ELAC2 in Caucasians and the three high-risk genotypes of RNASEL and MSR1 in Hispanics showed synergistic effects, and individuals with multiple-risk genotypes are at higher risk as compared with individuals with a single high-risk genotype. From these findings one could assume that an interaction between both genes in each ethnicity is likely to confer prostate cancer risk. Although a biological explanation awaits further experimental studies, the function of these genes in cellular defense against inflammation and oxidative stress is supportive of a possible interaction between these genes, which also corroborates previous suggestions that infection and prostate cancer could be linked.
A possible limitation of the study is that 13.4% of our control group was between 45 and 50 years old compared with 4% of our cases in this age range. This is a limitation because the average age of men diagnosed with prostate cancer is over the age of 60 years, and according to the American Cancer Society two thirds of prostate cancers are found in men over the age of 65. In our heavily screened population, however, we noted that 50% of the cancers had a diagnosis before the age of 65 years. Furthermore, for the analyses in this study we adjusted statistically for age difference. In addition, the presence of potential cases in the control group will merely result in an underestimation of the effect of significant associations. Another limitation of our study is that selection of the tagged SNPs was based on HapMap data of the European population. Due to the ethnic-specific LD patterns, these SNPs selected may not fully represent all tagged variants in Hispanics and/or African Americans. Furthermore, the power of this study is limited by the sample size (2,354 in total, with 1,435 Caucasians, 648 Hispanics, and 270 African Americans), the MAF, the baseline incidence of disease (∼6%), and the unknown OR of a genetic risk factor. Assuming a type I error of 0.05, an OR of 1.5, and a MAF of 20%, we estimated the power of the study with the method of Slager and Schaid to be 99%, 75%, and 38% in Caucasians, Hispanics, and African Americans, respectively. Even with these weaknesses, however, our findings indicate that variants within ELAC2, RNASEL, and MSR1 play a significant role in the susceptibility to prostate cancer risk. We did not report on the risk effects of the investigated SNPs on Gleason grade (Gleason score ≥7 versus <7) or prognosis (defined as Gleason score of ≥7 or stage T 3b or higher) due to the small number of cases with information on the trait of interest. However, a case only logistic regression analysis showed that in Caucasians variants in RNASEL and ELAC2 could be involved in Gleason grade and prognosis, respectively. A trend towards significance for SNPs within MSR1 was seen for Gleason grade and within both RNASEL and MSR1 for prognosis in Hispanics. There results have to be considered with caution due to the number of cases. The sample size of the African Americans was too small for data analysis.
In summary, this is the first association study to cover the three susceptibility genes for prostate cancer with haplotype-tagged SNPs. Our results show that variants in ELAC2, RNASEL, and MSR1 play a role in the development of prostate cancer albeit with ethnic-specific differences in risk estimates. Our findings suggest that interactions among these genes likely confer prostate cancer risk consistent with a polygenic model for cancer susceptibility. Moreover, a function of these genes in cellular response to inflammation corroborates the hypothesis of a link between infection and etiology of prostate cancer.
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